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Abstract – Protein glycosylation is a co- and post-translational modification that influ-
ences protein function, stability and localization. Changes in glycoprotein pattern during
differentiation/dedifferentiation events exist in animal cells and DNAmethylation status
is closely related to the changes. However, in plant cells this relationship is not yet estab-
lished. In order to verify whether such a relation exists, hypermethylating drugs 2,4-di-
chlorophenoxyacetic acid and hydroxyurea, or hypomethylating drug 5-azacytozine were
applied to sugar beet (Beta vulgaris L.) cells during 14 days of in vitro subculture, and the
glycoprotein patterns of the cells were compared. The applied drugs were not toxic, as ob-
served from cell phenotype and bymeasuring growth of the control and treated cells. Hyper
and hypomethylating treatments influenced the activity of enzymes related to differentia-
tion state of the cells: peroxidases and esterases, and their isoform patterns. Electropho-
retic patterns of soluble and membrane proteins were similar between control and treat-
ments, but the treatments modified N- and O-linked glycoprotein patterns as visible from
GNAand PNAlectin blots. This suggested that hypermethylation and hypomethylation of
genomic DNA in sugar beet cells affect protein glycosylation patterns and cellular meta-
bolism, possibly in a mechanism similar to that existing in animal cells.
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Abbreviations: 2,4-D – 2,4-dichlorophenoxyacetic acid, 5-A – 5-azacytozine, GNA –
Galanthus nivalis agglutinin, HNO – habituated nonorganogenic cell line, HO – habitu-
ated organogenic cell line,HU – hydroxyurea,N– normal cell line,PNA– peanut aggluti-
nin SDS-PAGE – sodium dodecyl sulphate polyacrylamide gel electrophoresis
Introduction
Protein glycosylation is the gradual attachment of different carbohydrates to a nascent
protein carried out in endoplasmic reticulum andGolgi apparatus. Carbohydrates may vary
but the common ones attached are mannose, glucose, galactose, N-acetylgalactosamine,
xylose, fucose, and N-neuraminic acid or, sialic acid (SPIRO 2002). The attachment site is
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on the specific asparagine (N-linked glycosylation) or on serine/threonine residues (O-
-linked glycosylation). In animal tissues, N- andO-linked glycans are involved in a number
of normal and aberrant physiological functions such as cell adhesion, signal transduction,
protein conformational stabilization and targeting, protease resistance, charge umbrella,
water-binding capacity, cellular recognition and developmental regulation (for a review
see VARKI 2008). Changes in protein glycosylation are observed during normal cell and tis-
sue differentiation but also during malignant transformation of animal cells (PERACAULA
2007, HEDLUND et al. 2008). Epigenetics, like DNAmethylation level, has important roles
in this process by affecting activities of protein glycosyltransferases (KANNAGI 2004,
KAWAMURA et al. 2008, KANNAGI et al. 2010).
In plants, N- andO-linked glycans strongly influence protein conformation, stability, bio-
logical activity (RAYON et al. 1998). The glycan part of the protein serves as a subcellular lo-
calization signal (FITCHETTE et al. 2007). Disruption of normal protein glycosylation severely
affects plant development causing embryo lethality, severe defects in cell wall biogenesis or
plant growth retardation (VITALE2001, KLEINet al. 2006). Protein glycosylation is influenced
by metabolic changes occurring in the tissues, such as acclimatization to in vitro conditions
(BALEN et al. 2008) or by the developmental state and the age of the plants (ELBERS et al.
2001). However, it is not knownwhether using agents that change theDNAmethylation level
in plant cells will change protein glycosylation, as it does in animal cells.
Sugar beet cell lines have been thoroughly investigated in culture for more than 20
years and are established as a suitable model for studies of plant metabolism and cell differ-
entiation (DE GREEF and JACOBS 1979, CAUSEVIC et al. 2005, CAUSEVIC et al. 2006). The N
(normal) line is photosynthetic, differentiated but not organogenic. The HO (habituated
organogenic) line is photosynthetic, differentiated and organogenic, shoot-producing. The
HNO (habituated non-organogenic) is etiolated, and dedifferentiated. The cell lines, com-
ing from the same mother plant, have distinct genomic DNAmethylcytosine content, cell
differentiation level and morphology. Using hypomethylating drugs like 5-azacytozine
(5-A) or hypermethylating drugs like 2,4-dichlorophenoxyacetic acid (2,4-D) and hydro-
xyurea (HU) it is possible to affect DNA methylation levels, modify metabolism, pheno-
type and ultimately differentiation state of the cells (CAUSEVIC et al. 2005).
This model system seemed suitable to test whether externally applied agents that mod-
ify DNAmethylation levels will affect N- and O-glycosylation patterns of proteins in sugar
beet N cell line. As a result of previous observations, the N line was chosen because its
DNA cytosine methylation level is normally at 22% and it is between HO, at 18%, and
HNO, at 29% (CAUSEVIC et al. 2005), which should give more flexibility in changes of
methylation level and differentiation status during the experiment. Both, hypermethylating
and hypomethylating treatments induced cell dedifferentiation in the N line, causing a part
of the cells to change their morphology and look like HNO cells, white and very friable
(CAUSEVIC et al. 2005).
A suitable way to discern changes in metabolism and differentiation state indirectly is
to monitor activity and isozyme patterns of certain enzymes. Peroxidases but also esterases
are markers of cellular or organ differentiation (KRSNIK-RASOL et al. 1999). In sugar beet,
peroxidase activities were related to the DNAmethylcytosine percentage (CAUSEVIC et al.
2005). In cactusMammillaria gracilis, as well as in cotton embryos, the number of esterase
isoforms depended on the morphological state of the tissue (BALEN et al. 2003, HILAIRE et
al. 2007).
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In this work, the N cells were treated with 5-A, 2,4-D and HU during the period of one
subculture. Toxicity of the treatments was evaluated by measurement of the growth of the
cells. Changes in metabolism and protein glycosylation pattern were observed, which
could be related to the action of the drugs used.
Material and methods
Plant material, growth conditions and treatments
The cell lines of sugar beet originate from the same mother plant and were cultivated
in vitro on a solid PG0 nutrient media (NEGRUTIU et al. 1975, DE GREEF and JACOBS 1979).
The N cell line was grown in a growth chamber at 22 °C under a 16 h photoperiod (80 µmol
photons m–2 s–1). For treatments, the toxicity of the chemicals was evaluated first using
concentrations in the range of 25–200 µmol L–1 of 2,4-D, 100–1000 µmol L–1 of 5-A, and
200–400 µmol L–1 of HU (all purchased from Sigma, Germany) (data not shown). The
chemicals were added as sterile solutions immediately before casting the nutrient medium
in Petri dishes. Based on the obtained results we analyzed the enzyme activity and
glycoprotein pattern in plant material upon treatment with optimal concentrations of chem-
ical agents: 2,4-D (100 µmol L–1), andHU (200 µmol L–1) that resulted inmaximal increase
in fresh weight of cells in comparison to control, as well as 5-A (200 µmol L–1) that mini-
mally inhibited the plant growth in comparison to control. Tissue samples were collected at
days 7, and 14 of subculture, weighted for growth analysis, frozen in liquid nitrogen and
stored at –80 °C.
Protein extracts and enzyme analysis
Sugar beet N tissue was grinded in a bead mill Retsch 200 (Retsch GMBH, Germany)
for 2 min at 30 Hz. Tissue was supplemented with ice-cold potassium phosphate buffer pH
7.0 or Tris-HCl buffer pH 7.4. Crude protein extracts were clarified by centrifugation at
20 000 x g for 20 min and again at 20 000 x g for 10 min, all at 4 °C. Protein content of
supernatant was determined according to BRADFORD (1976). Guaiacol peroxidase activity
of protein extracts was determined spectrophotometrically (ATI UNICAM UV4, Cam-
bridge, UK) at room temperature (25 °C) by measuring the increase in absorbance at 470
nm. The test solution was prepared after SIEGEL and GALSTON (1967), with 5 mmol L–1
guaiacol and 5 mmol L–1 H2O2, in a 100 mmol L–1 potassium phosphate buffer pH 7.0. A
broad spectrum esterase substrate 1-naphthylacetate was used for esterase activity mea-
surement according to BURLINA and GALZIGNA (1972). Esterase activity was determined
spectrophotometrically at room temperature (25 °C) by measuring the increase in absor-
bance at 322 nm. The reaction medium contained 1.5 mLof 100 mmol L–1 Tris-HCl pH 7.4
and 30 ìL of 100 mmol L–1 1-naphthylacetate dissolved in methanol. For each measure-
ment 150 ìL of crude extract was used. Measurements were performed every 15 seconds
over a three min period. The esterase activities were corrected for spontaneous hydrolysis
of 1-naphthylacetate. The blank contained only the buffer and 1-naphthylacetate. The ac-
tivities of peroxidases and esterases were expressed as a percentage of the control. Experi-
ments were performed at least in triplicates.
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Statistical analysis of enzyme activities by means of one-way ANOVAwas performed
using embedded functions in Sigmaplot 12 software (Systat Software Inc. CA, USA) and
results were considered significant when p < 0.05.
Protein gel electrophoresis
Soluble proteins were extracted according to PAVOKOVI] et al. (2007). Pellet left after
extraction of soluble proteins was washed three times in extraction buffer and then 0.5 mL
of extraction buffer containing 130 mmol L–1 Tris-HCl pH 6.8, 4.6% (w/v) sodium dodecyl
sulphate (SDS), 16% glycerol and 0.6% (w/v) dithiothreitol, preheated to 80 °C was added
to the pellet to disrupt the membranes and to extract membrane proteins. Homogenates
were incubated at 80 °C for 10 min on a shaker, and clarified by centrifugation at 20000 x g
for 10 min. Supernatants were decanted and another 0.5 mL of the same pre-heated
SDS-extraction buffer was added to the pellet. Samples were incubated again under the
same conditions as above. After centrifugation, supernatants were pooled and used in sub-
sequent electrophoretic analyses as membrane protein fraction.
SDS polyacrylamide gel-electrophoresis of protein samples was carried out in a verti-
cal gel system in 12% polyacryamide gels with the buffer system of LAEMMLI (1970). Pro-
teins were visualized using Coomassie Brilliant Blue stain. Soluble protein samples were
also separated in native conditions by vertical electrophoresis in 8–18% polyacrylamide
gradient gels with the same buffer system, but without SDS. In-gel activity of peroxidase
and esterase isoforms were performed as described earlier (BALENet al. 2003), based on the
methods developed by SIEGEL and GALSTON (1967).
Electroblot and lectin hybridization
Following SDS-PAG electrophoresis, proteins were electroblotted onto nitrocellulose
membrane for 1h, at 60V. To detect glycoconjugates, lectins fromGalanthus nivalis (GNA)
and peanut (PNA) were used. Lectins were conjugated with digoxigenin (DIG), and
anti-DIG alkaline phosphatase was used as a secondary anti-body (Roche Diagnostics
GmbH, Germany). Site of the hybridization was visualized using BCIP/NBT as a substrate
for the alkaline phosphatase.
Gels andmembranes were scanned on a flatbed scanner (HP, USA) at 300DPI, and pro-
tein and glycoprotein expression profiles were analyzed by UTHSCSA Image Tool v3.0
(TX, USA).
Results
Here we report that the use of externally applied drugs HU, 2,4-D and 5-A, which
change DNA methylation level, affects glycoprotein patterns in sugar beet N cell line.
Eventual toxicity of the DNAmodifying treatments was verified by comparing cell growth
(Fig. 1). Cells treated with 200 µmol L–1 HU proliferated similarly to the control, while
cells treated with 100 µmol L–1 2,4-D and 200 µmol L–1 5-Aproliferated slowly but without
any apparent necrosis or growth arrest. However, a concentration of 200 µmol L–1 of 2,4-D
in the medium was toxic: growth stopped and cells quickly became necrotic (data not
shown).
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The treatments had a profound effect on cellular metabolism, which was visible from
measurements of esterase and peroxidase activities, and by in-gel visualization of their
isoforms at day 7 and day14 of the subculture (Fig. 2). Esterase activity was estimated us-
ing 1-naphtylacetate as a substrate (Fig. 2b). When compared with the control, all treat-
ments significantly increased esterase activity at days 7 and 14 of the subculture. After na-
tive electrophoresis, in-gel staining of esterases showed five isoforms: E1–E5 (Fig. 2a).
Treatments differentially induced esterase isoforms, but the changes of the signal of
isoforms E3–E5 were the most remarkable. Isoform E5 was particularly induced by the
2,4-D and 5-A treatments. The guaiacol peroxidase activities were also modified by treat-
ments in both data points (Fig. 2c). At day 7, significant decrease in activity was observed
in 5-A and HU treated cells. At day 14, 2,4-D and 5-A significantly decreased peroxidase
activity, but the HU treatment significantly increased its activity. However, in-gel activity
of peroxidases could not be obtained under the same conditions, probably due to the
isoelectric nature of the peroxidase isoforms.
Application of agents that modify DNA methylation level changed glycosylation pat-
terns, which was observed by differential binding of GNA and PNA lectins to glyco-
proteins. Expression of soluble and membrane proteins remained unchanged, as shown by
Coomassie Brilliant Blue staining (Fig. 3a, b). We observed that fewer soluble proteins
were glycosylated than membrane proteins (Fig. 3c–f), which is in accord with the fact that
most glycosylated proteins are destined to plasma membranes and to the extracellular
space. In soluble protein fraction, no differences were observed in the glycosylation pattern
of high-mannose glycans (Fig. 3c). In themembrane fraction (Fig. 3d), a glycoprotein of 20
kDa was induced at days 7 and 14 with 2,4-D and at day 7 with HU. At day 14 HU the sig-
nal of this glycoprotein was lost, together with that of 22 kDa. In soluble protein fraction
PNAlectin revealed twoO-linked glycoproteins with sizes around 40 and 42 kDa (Fig. 3e).
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Fig. 1. Growth of the sugar beet N cell line treated with hyper- or hypomethylating drugs. Data
are mean ± SE for three replicates.
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At 7 days all treatments decreased the signal from the 42 kDa glycoprotein. At day 14, in
the control and in the 2,4-D and 5-A the 40 and 42 kDa glycoproteins were not detected;
however, with HU, both of those glycoproteins reappeared. In the membrane fraction PNA
lectin also revealedmore O-linked glycoproteins than in the soluble fraction. Induction of a
18 kDa glycoprotein appeared after 7 and 14 days in cells treated with 2,4-D. A 40 and 20
kDa glycoproteins were downregulated by 5-A and HU at 14 days of the treatment (Fig.
3f).
Discussion
Here we have shown that the application of chemicals that change genomic DNA
methylation level affected cellular metabolism and glycosylation of cellular andmembrane
proteins in sugar beet cells. Significant genomic DNA hypermethylation was successfully
induced in several plant species, including sugar beet, with 2,4-D and HU, and DNA
hypomethylation with 5-A, with concentrations similar to or higher than those applied
here, and without any apparent toxicity (CAUSEVIC et al. 2005, YAMAMOTO et al. 2005).
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Fig. 2. The effect of hyper- or hypomethylating drugs on esterase and peroxidase activities and its
isoenzyme patterns in sugar beet N line. a – Esterase izoenzyme patterns visualized with
1-naphtylacetate after native electrophoresis of 100 mg of protein samples in a 12%
polyacrylamide gel; b – Esterase activities expressed as a percentage of control; c – Peroxid-
ase activities expressed as a percentage of control; CTRL – control; 2,4D – 2,4-dichlo-
rophenoxyacetic acid; 5-A – 5-azacytozine; HU – hydroxyurea. Data are mean ± SE for at
least three replicates. Asterisks denote statistically different enzyme activity at p<0.05.
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Since the morphological changes in N cells were minimal after treatments, as an indi-
rect proof of changes in differentiation status we monitored the changes of activities of
peroxidases and esterases. Here we measured statistically significant differences in activi-
ties of esterases and peroxidases after the treatments. These enzymes have been established
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Fig. 3. Metabolic changes induced by hyper- or hypomethylating drugs affect glycosylation pattern
of cellular and membrane proteins in sugar beet N line. Proteins were electroblotted onto
nitrocellulose membrane and different carbohydrates as glycoconjugates were detected us-
ing plant lectins. a – CBB stained gel of soluble proteins; b – CBB stained gel of membrane
proteins; c – high-mannose glycoproteins detected with GNA lectin in soluble protein frac-
tion; d – high-mannose glycoproteins detected with GNA lectin in membrane protein frac-
tion; e – O-linked glycoproteins detected with PNA lectin in soluble protein fraction; f –
O-linked glycoproteins detected with PNAlectin in membrane protein fraction. Numbers on
the left show protein size in kDa.C – control; 2,4D – 2,4-dichlorophenoxyacetic acid; 5-A–
5-azacytozine; HU – hydroxyurea.
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as biochemical markers of cell differentiation andmorphogenesis in plants (KRSNIK-RASOL
et al. 1999, BALEN et al. 2003, PASSARDI et al. 2005). Peroxidase activity can be affected by
DNAmethylation status, which was already reported in Bryonia dioica internodes and in
sugar beet cells, both treated with DNA hypo- or hypermethylating agents (GALAUD et al.
1993, CAUSEVIC et al. 2005). While CAUSEVIC et al. (2005) reported an increase in activity
of guaiacol peroxidases after treatment with 5-A and a decrease after HU treatment, we re-
ported here the opposite situation. The cause for such discrepancy could lie in different ex-
traction methods, which could yield different peroxidase isoforms. It is known that there
are a huge number of peroxidases in plant cells, each with a specific function assigned. For
example, in Arabidopsis, there are 73 predicted peroxidase genes (OLIVA et al. 2009).
We also observed in native gels that esterase isoforms, and especially isoform E5, was
more intensively colored with the treatments 5-Aand HU. It is tempting to propose that the
E5 isoform might be an indirect proof of changes of DNA methylation. Changes in the
number and intensity of esterase isoforms occur when tissues of identical origin change
their morphological status, as in Mammillaria plant, callus or tumor tissues (BALEN et al.
2003). Similarly, the number of esterase isoforms increased when cotton cells differenti-
ated during embryogenesis (HILAIRE et al. 2007). It seems that the changes in activity of
peroxidases and esterases reflected metabolic changes caused by the drugs used.
To detect changes in glycoprotein patterns, GNA and PNA lectins were used. GNA
lectin binds to the terminal mannose of the N-glycans (SHIBUYAet al. 1988), and PNA spe-
cifically recognizes the Galactosy1 â-1,3-N-acetyl galactosamine sequence present in the
core unit of O-glycans (GOLDSTEIN and HEYES 1978). Using these lectins it was possible to
detect a large number of N- and O-linked glycans and make a proper screening of changes
in the glycosylation pattern.
In mammalian cells a possible explanation behind altered protein glycosylation was
proposed in which the DNAmethylation and/or histone deacetylation alter cellular carbo-
hydrate metabolism, sugar transportation and expression of genes for sugar transporters
(KANNAGI 2004). Subsequent experiments on gastrointestinal cancer cells revealed that in-
hibition of DNAmethylation with 5-aza-2’-deoxycytidine silences some genes belonging
to the glycosyltransferase and glycosidase families (KAWAMURA et al. 2008). This re-
pressed aberrant glycosylation and cancer-associated carbohydrate antigens. In plants,
2,4-D can strongly modulate activity of some glycosyltransferases and induce glyco-
sylation of biological molecules such as scopoletin and quercetin in tobacco and Vitis sp.
cell cultures, respectively (KOKUBO et al. 2001, TAGUCHI et al. 2001). It remains to be seen
whether application of 2,4-D affects the activity of protein glycosyltransferases. In carrot
2,4-D transiently induced DNAmethyltransferase gene Met1–5 before the induction of so-
matic embryogenesis in epidermal cells (YAMAMOTO et al. 2005). Hydroxyurea, like the
2,4-D increases DNAmethylation level, but by a mechanism that involves inhibition of the
enzyme ribonucleotide reductase (KOÇ et al. 2004). This is most probably different mech-
anism, than the one by which 2,4-D acts on DNAmethylation, which could explain the dif-
ferences in glycoprotein pattern after treatments with these two different DNA hyper-
methylators.
In plants, changes in glycosylation pattern are observed during developmental pro-
cesses in which cell differentiation is affected, like embryogenesis in pumpkin or establish-
ment of in vitro tissues of cactus Mamillaria sp. (LELJAK-LEVANI] et al. 2011, BALEN et al.
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2005, BALEN et al. 2008). In Mamillaria sp. the changes lead to the appearance of novel
protein N-glycan structures (BALEN et al. 2005). Unfortunately, the function of these
glycan structures on protein stability and location is not known. A specific protein expres-
sion pattern after establishment and/or maintenance of the differentiation state in plant cells
is enabled by the changes in DNAmethylation status, most probably by the methylation of
promoters regions (BERDASCO et al. 2008).
In conclusion, we have shown that chemicals that change the methylation status of
genomic DNAaffect cellular metabolism and glycosylation protein pattern in sugar beet N
cell line, strengthening the relationship between DNA methylation level and protein
glycosylation. This process could be similar to the process already reported in mammalian
cells. By following an approach similar to that used for mammalian cells, e.g. bisulfite
PCR, it could be possible to pinpoint specific promoters that are differentially methylated
during changes in genomic DNA methylation, and to gain more information how DNA
methylation status controls protein glycosylation in plants. Additionally, research into pro-
tein glycosylation in plants presents an opportunity to identify protein biomarkers of the
specific developmental state of a cell or a tissue.
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